Contrary to the view that embryos and larvae are the most fragile stages of life, development is stable under real-world conditions. Early cleavage embryos are prepared for environmental vagaries by having high levels of cellular defenses already present in the egg before fertilization. Later in development, adaptive responses to the environment either buffer stress or produce alternative developmental phenotypes. These buffers, defenses, and alternative pathways set physiological limits for development under expected conditions; teratology occurs when embryos encounter unexpected environmental changes and when stress exceeds these limits. Of concern is that rapid anthropogenic changes to the environment are beyond the range of these protective mechanisms.
A widely held view, as articulated by J. G. Wilson in 1973 , has been that ''living things during early developmental stages are more sensitive than at any other time in their life cycle to adverse influences in the environment'' (1) . Early 20th century studies in mammals demonstrated how the environment, rather than heredity alone, could cause birth defects. Later, the perception of embryo vulnerability was reinforced by the real-life example of thalidomide, a drug first administered to women in the 1950s and subsequently found to be responsible for severe developmental malformations in thousands of children. More recently, studies have extended our view of teratology to include adverse effects of exposure to stresses in the womb that are manifested much later in life.
Yet equally striking are examples of how real-world development of animal embryos works normally, despite formidable environmental challenges (2) . We review evidence indicating that the keys for developmental success are cellular mechanisms that provide robustness and buffer embryos from the environment and regulatory pathways that alter the developmental path in response to the conditions encountered. These mechanisms provide potent, although not impregnable, defenses against common stressors in development including changes in temperature, hypoxia, pathogens, UV radiation, free radicals, and toxicants. These defenses and pathways have evolved to permit optimal development in the environment likely to be encountered, with limits adapted to the historical environment of the embryos.
We suggest a view of embryo vulnerability that takes into account our emerging appreciation of the potent protections present in embryos. We posit that, although embryos are well buffered for expected environment(s), rapid anthropogenic changes can overwhelm this intrinsic robustness. Of special concern are man-made chemicals that evade developmental defenses or misdirect developmental decisions. Finally, we provide examples of how an understanding of the mechanisms that underlie developmental stability can be used to predict environmental changes that are problematic for embryos.
Protection Strategies in Early Development: A General Strategy for Protection
The survival problem for the early embryo is that these few-celled rudiments do not possess sophisticated adult defense systems such as the immune system or the nervous system. One approach, especially developed in the mammals, is parental protection of the embryo. Nevertheless, as illustrated by the thalidomide example, even structures such as the placenta do not provide complete protection.
Most organisms, however, do not rely on parental protection. Instead, they release eggs or embryos into their surroundings to develop as ''orphans'' in direct contact with the environment. One adaptation in these embryos is to accelerate development and speed progression through these undifferentiated early stages, through rapid cell divisions (3).
The second and major adaptation of these orphan embryos is to package high levels of cellular defenses into the egg prior to release into the environment and before exposure to stress (Fig.  1) . As we will describe below, the specific defenses in embryos of different species are the product of selection for a ''be prepared'' strategy. This selection is in response to the past history for each species and results in adaptations against the stresses its embryos might encounter during development. Some of these strategies are specifically for protection and are independent of developmental programs; other protections are also integral parts of developmental programs.
Protective Strategies Independent of Developmental Programs
Protection from UV Radiation. Many embryos of aquatic organisms develop at or near the air-water interface and, hence, are exposed to high levels of UV radiation (UV) which can directly damage DNA as well as produce harmful free radicals. A major adaptation is to incorporate UV-A-and UV-B-absorbing compounds into the eggs (reviewed in ref. 4) . Mycosporine amino acids are one example of these agents; evidence for their protective role is that sea urchin embryos with low levels of these diet-derived sunscreens are more susceptible to UV damage than embryos with high levels of these compounds (5) .
Although the sunscreens clearly provide some protection, other adaptations are used in high-UV conditions. The embryos of an Antarctic sea urchin are irreversibly damaged if placed near the surface under polar summer sunlight, and the major damage is from the UV-A part of the spectrum. However, these embryos are normally nonbuoyant, so the additional adaptation here is production of eggs that sink to the bottom and thus remain out of the range of damaging UV (6) .
Recent research suggests that global climate change can indirectly increase penetration of UV into shallow lakes and streams, with potentially harmful consequences for embryos. For example, toad embryos, Bufo boreas, develop in the high mountain lakes of the Cascade mountains, and their susceptibility to infection by the fungus Saprolignia ferix is increased in drought years during which lakes are shallower, and UV exposure is greater (7) . The frequency and severity of these drought years is itself a consequence of the increased sea surface temperatures in the Pacific, concomitant with rapid global climate changes seen since the mid 1970s.
Pathogen Defenses. A second example of environment-specific defenses is innate protection against bacterial and fungal pathogens. One strategy is physical barriers to pathogens, such as from egg chorions and shells. Another strategy centers on the accumulation, during oogenesis, of antibacterial substances in the egg and extraembryonic tissues. A classic example is the antibacterial muramidase enzymes, first described in bird eggs (8) ; these enzymes attack carbohydrates on the surface of pathogenic bacteria. More recent examples include proteins such as the defensins, which, along with other potent antibacterial peptides, are present in the tissues surrounding early stages of the tobacco hornworm embryo (9) . Microbial defenses are present in fish embryos, where fertilization results in release of antibacterial and antifungal enzymes from granules in the egg cortex (10) .
Fungal infections are a major problem for marine organisms, and some embryos deter fungi with the products of the symbiotic bacteria they harbor. Crustacean and squid embryos harbor symbiotic bacteria on the egg surface or in embryo sheaths. In the shrimp Palaeomon macrodactylus, symbiotic Alteromonas produce indolinedione, which protects the embryo from fungal infections (11) . In squid, bacteria live as symbionts in the adult accessory nidamental gland, and the bacteria are secreted onto the egg jelly and chorion at spawning (12).
Physical Protection. Eggs and embryos must maintain physical integrity before fertilization and during development. The primary protection comes from extraembryonic structures in the egg, such as chorions, jellies, and shells, which can account for a significant proportion of the egg's mass. In the sea urchin, for example, Ϸ10% of the total protein of the egg is present in the cortical granules that exocytose at fertilization and help form the protective fertilization envelope; if this envelope is removed, the embryo is more susceptible to physical damage (13) . Similarly, removal of jellies around sea urchin eggs renders them susceptible to damage by the shear stresses encountered during spawning and from waves in their marine environment (14) .
Another protection comes from a mechanism to repair physical disruption or punctures to the plasma membrane. Embryologists make use of this whenever they microinject eggs or embryos; the cells survive, and the embryos develop normally. The protective mechanism is calcium-activated membrane sealing (15) . When the membrane is broken, the influx of extracellular calcium ions triggers fusion of intracellular vesicles at the site of injury (15, 16) . The added vesicle membranes plug and fuse with the injured membrane so that embryo integrity is maintained. As with jellies and chorions, eggs and early embryos possess large amounts of these intracellular membrane vesicles, suggesting that physical damage can be a major problem for embryos.
Protective Strategies Integral to Developmental Programs
Defenses Against Xenobiotic Chemicals. Exposure to toxic chemicals can be an expected problem in development. They occur naturally, and embryos can be exposed directly, as with exposure of orphan embryos to phytotoxins and microbial byproducts, or indirectly, as seen with passage of dietary toxins through the bloodstream and placenta in mammals.
In the early developmental stages, toxicant transformation by the cytochrome P450 (CYPS) has not been observed, and, indeed, xenobiotic transforming CYPS do not appear until differentiation of tissues. One possibility for their absence in early stages may be that their activity can bioactivate otherwise benign metabolic products into mutagens (17) .
Rather, the primary defense is to keep the toxicants out of the embryo by using membrane transporters, such as the multidrug-resistance proteins (MRPs). These efflux transporters, which might be thought of as first lines of defense, are ABC proteins that include the ABCB/ PGP (18), ABCC/MRP (19) , and ABCG/ MXR (20) transporters.
An example of the use of efflux transporters for defense is seen in the echiuroid worm Urechis caupo, which develop in mudflats containing metabolic byproducts of bacteria and plant-degradation products. These embryos have levels of PGP efflux activity even higher than those seen in a drug-resistant, transporteroverexpressing cancer cell (21) . The PGP transporters are also essential for protection of mammalian embryos. Mice and rats have high levels of PGP transporters in the placenta (22) and in the embryo (23) . Embryos of transgenic mice lacking PGP accumulate 5-fold-higher levels of toxic compounds administered to the mothers than their normal, PGPexpressing counterparts. A similar increase in fetal toxicant accumulation is seen in normal mice that are fed drugs that block the PGP activity (24) .
The efflux transporters are also integral to developmental programs with other roles in development besides toxicant protection. Examples are seen in Dictyostelium, where PGP transporters efflux morphogens signaling stalk cell differentiation (25) and in Arabidopsis, where MRP transporters direct root development by efflux-mediated establishment of auxin gradients (26) . In sea urchin embryos, a major MRP activity appears to be involved in regulation of cell-cycle progression, possibly through efflux of an endogenous compound(s) during early cleavages (27) . In Caenorhabditis elegans, an MRP transporter is involved in the developmental responses leading to the formation of the dauer larvae, an alternative developmental path chosen when the environment is stressful (28) .
A major concern about efficacy of these transporters as a defense of embryos in a changing world is that some drugs or industrial chemicals have structures that are not recognized by the efflux transporters. Thalidomide, the potent teratogen noted earlier, is one example of this problem; recent research In early development (gray background) of embryos with rapid early cleavages (e.g., most orphan embryos) the strategy is to have high levels of innate defenses already present before encountering environmental stress. Later in development, the embryo can respond to the environment by inducing defenses, altering developmental path, or temporarily stopping development. Under severe conditions the alternate paths can represent a ''lottery approach,'' producing phenotypes that may or may not be adaptive.
shows that this drug is not recognized by human PGP (29) and therefore cannot be kept out of the embryo by this defense mechanism.
Antioxidant Strategies. Oxidative stress is another formidable problem during development. Metals, ionizing radiation, and various toxicants catalyze formation of reactive oxidative species, and potent oxidants are also produced by embryo metabolism. For example, fertilization of sea urchin eggs results in production of lipid peroxides (30) , nitric oxide (31), and hydrogen peroxide (32) . The hydrogen peroxide (32) is involved in elevation and hardening of the fertilization envelope, which is itself a protective structure. One defensive mechanism against endogenous production of peroxide includes degradation within the cell by the action of the dual oxidase that produces it.
Another antioxidant mechanism used in sea urchin eggs comes from ovothiol, an embryo-specific mercaptohistidine compound that acts as a more potent antioxidant than glutathione (33) . In the sea urchin embryo, glutathione and ovothiol are present at a total concentration of 10 mM, and relative levels of oxidized and reduced glutathione remain constant despite the endogenous production of oxidants at fertilization. In these embryos, these constant glutathione levels are maintained by activation of the pentose phosphate pathway at fertilization, which maintains high NADPH used for recycling of oxidized thiols back to their reduced state (34) . An additional bolster for constant redox level is the activation of an NAD kinase at fertilization, which triples the amount of NADPH in the cell.
In mice, the unfertilized egg contains 7 mM glutathione. However, unlike those in the sea urchin embryo, glutathione levels are not stable, and the reduced form of this compound (GSH) decreases 10-fold through preimplantation development to the blastocyst stage (35) . Xenobiotics that cause oxidative stress speed this depletion of reduced glutathione and overwhelm this defense. For example, the damage from thalidomide most likely ensues from its oxidation by prostaglandin synthase (36) and concomitant production of reactive oxygen species. Rabbit embryos, which are relatively susceptible to thalidomide, deplete glutathione to 50% of control levels when exposed to 15 M concentrations of this drug (37) . Recent research suggests that the limb malformations characteristic of thalidomide are caused by interference with NF-B signaling in developing limb buds in response to the altered oxidative status (38) .
Protein Protection. Heat and other stressors can denature intracellular proteins. The major protection is provided by heat-shock proteins (HSPs), molecular chaperones that stabilize the hydrophobic regions of proteins exposed during protein synthesis, translocation across membranes, or after exposure to protein-denaturing stressors or toxicants (39, 40) .
The general strategy in adult cells is for HSPs to be constitutively expressed at low levels and synthesis to be upregulated in response to proteindenaturing stressors. In contrast, HSPs are not induced in response to stress during early cleavage stages of the orphan embryos (41) . This strategy may be in part because overexpression of these proteins in embryos inhibits development (42) , possibly by interfering with mitosis or signaling (43, 44) . Instead the strategy is to have adequate, but not excessive, HSP present in the egg at fertilization. For example, Drosophila, which encounter high heat during normal development in rotting fruit, have sufficient HSP70 levels to handle this stress.
In later development most embryos can up-regulate the levels of existing HSPs or synthesize new types of HSPs. These newly synthesized proteins can serve developmental roles, as in HSPmediated regulation of lens differentiation in vertebrates (45) , or the HSPs can be made for protection and repair when embryos encounter environmental stress. Finally, as we describe later, HSPs such as HSP26 are also synthesized by embryos to stabilize cells during adaptation to extreme stress.
Buffering and Robustness
There is also an intrinsic robustness of developmental programs that insures that development proceeds normally in the face of stresses that could disrupt cellular and molecular mechanisms involved in embryogenesis. This robustness, or buffering, is evidenced by developmental fidelity despite environmental perturbation. For example, maintenance of the anterior-posterior axis in Drosophila is determined by a gradient of the morphogen bicoid, and the position of the throracic segments is defined by this gradient (46, 47) . If fly embryos are raised under different temperatures the bicoid boundary broadens, which should seemingly alter segment position; yet the segment positions are still established accurately (48) . This robustness is, in part, mediated by some as yet unknown action of the RNA-binding protein staufen (48) .
Stability is an inherent feature of many developmental gene networks (49) . Models of these networks, such as the segmentation and neurogenic networks of flies, indicate that these processes are stable despite simulated variation in the levels of multiple genes within the networks (50, 51) . This stability appears to be provided by the architecture of the network itself and the presence of multiple levels of control of gene expression. For example, the fly neurogenic network appears stabilized by the multiple levels of negative feedback provided by transcription factors in the ''enhancer of split'' complex.
Although genetic networks are robust, recent research suggests that some diseases can be traced to specific susceptibilities in these networks. For example, analysis of gene activity in trisomy in a mouse model of Down's syndrome indicates that the 1.5-times increased concentration of two genes, DSCR and DYRK, disrupts the NFAT signaling network. Transgenic mice with 2-to 3-fold higher levels of these genes show many of the cardiovascular defects characteristic of human trisomy as consequence of this disruption of the NFAT network (52).
Alternative Developmental Pathways
Another approach to dealing with environmental stresses, used by embryos of many species, is to have intrinsic programs that can alter developmental path and resultant phenotype in response to the environment encountered. There two types of developmental ''decisions'' used by embryos: emergency responses and adaptive tuning. Emergency responses, including facultative diapause and delay, cope with poor conditions encountered during development, such as desiccation or low food availability, that are so severe that development will be compromised. Adaptive tuning is a response to expected or anticipated changes in the environment and ensue from developmental plasticity (reviewed in refs. 53 and 54).
Emergency Responses. Embryos of many species temporarily slow or suspend development under severe environmental conditions. In embryos of some mammals, for example, the duration of gestation is controlled by availability of food. If availability is low, development of the embryo slows or arrests, usually at the blastocyst stage (55) . A similar example is seen in Lymnea. Embryos of this snail will slow the tempo of development when the pond is crowded and embryos are food-limited. This response is triggered by a neurotransmitter released by juveniles living in the same pond; the signal is sensed by larval chemosensory neurons, and the response is slowing of developmental rate (56) .
Embryos of the brine shrimp Artemia (57), killifish (58) , and nematodes (59) have a more dramatic response. These embryos, which normally develop directly to the adult stage under nonstress conditions, will, under stressful conditions, dramatically alter the developmental program. For instance, Artemia embryos can completely arrest in a metabolically suppressed diapause gastrula stage. Remarkably, these ''encysted'' embryos can survive years of continuous anoxia (60) , desiccation, and UV radiation (57) . Major adaptations include massive accumulation of the sugar trehalose, which helps offset desiccation, and the synthesis and accumulation in the nucleus of an HSP (p26), which is thought to protect the nuclear proteins during these extreme conditions (61) . A different developmental approach is seen in C. elegans. These embryos normally progress through four larval stages before reaching the reproductive adult form. If they encounter stressful conditions, particularly food limitation, the third-stage larva will be redirected to instead form a resistant dauer stage that is nonfeeding and can survive for several months. Unlike brine shrimp or killifish, this larva has measurable metabolic activity. Like the snail Lymnea, the signal of a stressful environment is a pheromone released by other juvenile or adult worms living in the same area. Also like Lymnea, the dauer pheromone (62) is sensed by chemosensory neurons (63) but is here transduced to redirect development to the dauer form.
Adaptive Tuning. This form of developmental decision results in a different adult phenotype in response to the environment encountered as an embryo (reviewed in refs. 2, 53, and 54). This adaptive variation, also termed predictive adaptive response, produces offspring that are best suited for the environment they are likely to encounter later, as juveniles or adults. In a classic example, butterfly embryos and larvae develop a conspicuous eyespot in the wet season when cover will be abundant, whereas the dry-season larvae do not develop the eye spot when cover will be decreasing (64) . A recently described example of adaptive plasticity is in Daphnia, where, if healthy mothers encounter infectious bacteria during reproduction, they produce offspring that are more resistant to infection (65) . As we will discuss below, this tuning can be maladaptive when there is a mismatch between the actual and anticipated environments.
When Development Goes Awry
We have already alluded to how developmental failure can occur despite the potent defenses in embryos. Teratology seeks to identify the environmental factors that derail development and elucidate the mechanisms by which they act. Recent work reveals that these factors work in several predictable ways, including defeating embryo defenses, interfering with hormones that control developmental decisions, and inducing maladaptive developmental responses.
Bypassing Defenses. As suggested earlier, an unintended consequence of industrial and pharmaceutical chemistry is the production of teratogenic chemicals that are not recognized or neutralized by the embryo defenses, best illustrated by recent findings on the teratogen thalidomide, a chemical that was instrumental in shaping our perception of the vulnerability of embryos. This work shows that thalidomide is not recognized by the PGP efflux transporter, which normally provides a first line of defense against toxicants crossing the placenta and entering the fetus (29) . Because thalidomide is not a substrate for this transporter, the drug has unlimited access to the developing embryo, and its subsequent metabolism within the embryo produces free radicals that overwhelm key antioxidant defenses. One view is that the subsequent changes in intracellular physiology cause abnormal limb development by misdirecting a redox-sensitive developmental signaling pathway (38) .
Hormonal Interference. Another common mechanism of teratology is interfering with processes in development, such as the determination of secondary sexual characteristics, that are products of balanced signaling ''seesaws'' controlled by hormones. These processes present specific windows of vulnerability to the environment, windows which are uniquely present during development but absent in the adult. Of concern are a group of chemicals, commonly referred to as endocrine-disrupting compounds, that can derail sexual differentiation during development. A recent example of this is seen with exposure to the triazine herbicide atrazine during amphibian development. The consequence of exposure to low doses is the formation of oocytes within the testis of male frogs (66) . Atrazine is thought to induce synthesis of aromatase, an enzyme that converts testosterone to estradiol with resultant effects on sex determination during the vulnerable period of gonadal development. In contrast, this window of susceptibility is absent in the sexually differentiated adult frog. Here atrazine alters steroidogenesis through an aromatase-dependent mechanism, as seen in the embryo, but does not change gonadal phenotype (67) .
A different type of reproductive effect is seen in rats exposed to methoxychlor, another endocrine-disrupting compound. Exposure during the period of testis determination results in male offspring with reduced spermatogenesis, reduced sperm counts, and lower sperm motility (68) . This phenotype persists in subsequent generations, suggesting some sort of inherited epigenetic phenomenon such as DNA methylation. The period of sensitivity to methoxychlor corresponds to the time when changes in DNA methylation are occurring in the primordial sperm stem cells, and, indeed, there is an altered level of DNA methylation in embryos exposed to this chemical in utero. Although a caveat of this work is that high concentrations of methoxychlor were used, the findings raise appropriate and unresolved questions about low-level effects in humans and wildlife.
Maladaptive Developmental
Responses. Another mode of teratology is caused by inappropriate adaptive responses to stress during embryogenesis, and the effects of these maladaptive responses are often seen later in life. A dramatic example comes from epidemiological studies showing that adverse conditions during pregnancy result in increased incidence of chronic disease in adulthood. One likely mechanism for this correlation is that women who encounter adverse nutritional conditions during pregnancy bear children with a ''metabolically thrifty'' phenotype. This altered phenotype is presumably adapted to more efficient utilization of food. However if these thrifty individuals have high caloric intake and low energy expenditure in adulthood, the mismatch between their physiology (determined while in utero) and environment (encountered as an adult) increases their likelihood of developing such chronic diseases as diabetes and hypertension (69) .
Studies on rats and mice confirm the importance of maternal diet on physiology and even behavior of offspring (70, 71) . One mechanism that might account for the relationship between maternal diet and adult disease is that maternal nutrition status might induce an epigenetic change, as by DNA methylation or some aspect of chromatin structure. Such alterations in DNA or chromatin change gene expression, inhibiting or promoting activity, and the changes can be long-term and, in some cases, inherited. Further support for this view comes from research on dietary augmentation with vitamins that act as co-factors for methyl transfer, such as folic acid and vitamin B12 (72) . This work shows that supplements can increase DNA methylation, which can repress gene expression (73) . An alternative view is that these nutritional effects might not be through DNA methylation, but some other epigenetic alteration directly on chromatin structure (74) .
Can Seemingly Abnormal Development
Have an Adaptive Value? The induction of phenotypic variation by stress during development may also be part of a bethedging strategy in which variants are produced in the anticipation that some of these variants will be adaptive. These variants might only be of single generation advantage in the case of epigenetic changes restricted to somatic cells. If, however, the epigenetic change occurs in the germ line, then that alteration would be transmitted to subsequent generations.
An example of a novel inheritable (75) and possibly epigenetic (76) mechanism that is mediated by stress is seen with stressors that disrupt the chaperone HSP90 during development. This protein can act as a buffer by stabilization of ''client'' proteins in developmental signaling pathways. HSP90 is unique because its buffering action also prevents expression of genetic variants that become apparent only when HSP90 is overwhelmed. The resulting expression of these previously quiescent mutations results in radically altered phenotypes (77) . This generation of new phenotypes is a ''lottery approach,'' meaning that most of these phenotypes are not adaptive. However, the gamble may provide a chance of escape from severe environmental bottlenecks.
Epigenetic phenomena, whether mediated by alteration of gene expression, as through methylation, or chromatin changes or HSP90 buffering, also highlight how stability and robustness in development are balanced against plasticity and environmentally driven expression of new, possibly adaptive, phenotypes (78) . Excessive buffering of development may represent a cost to the organism if it prevents expression of novel phenotypes. The need to maintain this plasticity might explain why embryos are not buffered, or canalized, to the environmental limits for survival (Fig. 2) .
Predictive Value of Understanding Embryo Defenses
Wilson's paradigm predated much of the research we have reviewed here on robustness of the embryo. The general theme seen in these protective strategies is to prepare the embryo for an expected environment(s). This strategy can be ineffective if those environments are rapidly altered and if new, unanticipated stressors are added to the challenges facing the embryo. Understanding these mechanisms of embryo robustness is necessary to predict and prevent instances where these defenses will be overwhelmed. Most of these situations arise from rapid changes, which defeat their adaptive strategies and defenses.
As illustrated in this review, the defenses present in embryos are not always capable of recognizing and neutralizing man-made chemicals such as drugs and pesticides, but understanding the limits and mechanisms of these defenses can provide predictive tools to identify risky compounds. For instance, because efflux transporters are the primary defense that protects the embryo against chemicals, it seems prudent to screen compounds to which embryos could be exposed to determine whether the chemicals are cell-permeable and are substrates of the efflux transporters. Chemicals that are permeable, but not substrates, would be predicted to have unrestricted access to embryos (24) .
Another concern relates to the ability of some compounds to inhibit the activity of these transporters and render the cell more permeable to compounds that are otherwise kept out: a phenomenon sometimes referred to as ''chemosensitization.'' Synthetic fragrances, which are widely used in household products, are one class of compounds recently shown to inhibit these transporters in cells from marine mussels (79) . There is an immediate need to find out whether these effects are also seen in mammalian embryos through maternal exposure to these ubiquitous compounds and whether other commonly used substances have similar properties.
Study of these defenses might also provide clues about whether the magnitude and rate of environmental changes will exceed the buffering limits of embryo physiology and the rate of evolution of new defenses. For instance, increased CO 2 in the atmosphere is leading to oceanic acidification (80) . Recent work indicates that continued acidification would disrupt development of pH-sensitive calcium carbonate skeletons in larvae such as those in sea urchins (81) . Similarly, increasing global temperature may become a problem. Studies have shown that adult organisms from the intertidal and coral reef habitats are already living at or near their physiological limits for temperature (82) , but there is little information of the thermal buffering limits for most embryos and larvae.
It is also critical to understand the mechanisms by which endocrinedisrupting chemicals misdirect development during critical environmentally sensitive windows. A pertinent example is bisphenol A, a chemical widely used in plastics and having estrogen-like activity, affecting development and perhaps even causing adult onset diseases as a consequence of fetal exposure (83) . The continued use of this chemical has been controversial, and a major factor hindering regulation of this chemical is the lack of a clear mechanism to explain the observed effects. If estrogen-like, bisphenol A would presumably act through conventional nuclear estrogen receptors, yet the binding to these receptors is weak.
The solution to this conundrum may come from changing views on signal transduction and from new findings on mechanisms of bisphenol action. We are starting to appreciate that signaling networks respond in combinatorial fashion to agonists such that different agonists that result in seemingly identical intracellular signals, such as changes in calcium or activation of kinase pathways, can result in different outputs in phenotypic response (84) . A new finding on the mechanism of action of bisphenol A is that it binds to a group of membrane receptors that also interact with estradiol and other signaling molecules at the very low environmental levels (e.g., 10 Ϫ9 M) seen in humans. This receptor acts through ''traditional'' signaling cascades, increasing calcium levels and downstream MAP kinase pathways (85, 86) . This description of mode of action at these low concentrations, similar to the levels seen in humans, showcases how fundamental research can lead to results Fig. 2 . Development is buffered within a range of environmental conditions, around the environmental optimum. As environment deviates from the optimum, the embryo adapts and some adaptive responses can maintain optimal fitness of the embryo. Under more severe conditions teratology results either as a consequence of maladaptive response or overwhelming of the adaptive and protective systems. The shape of this relationship between the embryo and the environment varies according to the species and environmental factor in question. The magnitude of buffering around these optima may be broader for some embryos than others. One view is that most model organisms used in developmental biology have broadly buffered developmental limits (87) .
with a potentially large impact on use of chemicals that impact human health.
The formidable challenges to understand and prevent pathologies such as cancer or infectious disease are widely appreciated. Describing and preventing emerging environmental problems for embryos and deciphering the developmental origins of adult disease are problems of equal importance, magnitude, and complexity. Solutions to these problems require a focus on the biology of the embryo within its environmental context and an understanding of the mechanisms that cause development to go awry in a rapidly changing world. The implications are far-reaching for human and global fitness.
